Mouse fibroblasts (L-929) and Vero (green monkey kidney) cells were infected with the rickettsia Coxiella burnetii, and persistent infections developed and were studied over a 6-to 10-month period. Ultrastructural Kansas, Lawrence, Kans., 1975), there have been few studies on ultrastructural sequelae of infection. In this report we examine some ultrastructural consequences associated with infection by C. burnetii of two different lines of host cells maintained in vitro. One is a strain of L cells and the other is the Vero cell, both of which were persistently infected with the rickettsia over a period of months. Mouse L cells are derived from mouse fibroblasts, whereas Vero cells are of monkey kidney origin; the latter cell type is of interest in that little or no interferon is produced (6).
Although the rickettsial agent of Q fever, Coxiella burnetii, has been cultivated in a wide variety of animals and animal cells in vitro (2, 4, 8, 12, (15) (16) (17) (18) there have been few studies on ultrastructural sequelae of infection. In this report we examine some ultrastructural consequences associated with infection by C. burnetii of two different lines of host cells maintained in vitro. One is a strain of L cells and the other is the Vero cell, both of which were persistently infected with the rickettsia over a period of months. Mouse L cells are derived from mouse fibroblasts, whereas Vero cells are of monkey kidney origin; the latter cell type is of interest in that little or no interferon is produced (6) .
Comparisons of the two infected cell types involved fixation and processing for electron microscopy in exactly the same manner, and uninfected cells were similarly processed and examined to provide a basis for comparison. Morphological evidence of lysosomal activity was obtained by using a cytochemical test for acid phosphatase. In performing such tests, samples of both cell types were simultaneously processed in a side-to-side manner. The results indicate a difference in the appearance of endoplasmic reticulum between infected and uninfected L cells, and a profound difference in lysosomal activity between infected L cells and Vero cells.
MATERIALS AND METHODS
Mouse L cells derived from a line of Earle L 929 strain (kindly supplied by R. L. Erickson, University of Colorado Medical Center, Denver, Colo.) were grown as suspension cultures in Eagle minimum essential medium (Spinner modified), with 5% calf serum and L-glutamine. Green monkey kidney cells, or Vero cells, were grown at 370C as monolayer cultures in the above medium supplemented with 10% calf serum. Host L cells were infected with both phase I and II C.
burnetii, whereas Vero cells were infected with only phase II organisms. Once the cell lines were initially infected, they were subdivided several times a week and allowed to remain persistently infected for a 6-to 10-month period, during which time various parameters of the host-parasite relationship were studied by using both microscope and biochemical methods (Stueckemann, Ph.D. thesis). About 80 to 90% of the cells were infected. Tests were made for the presence of mycoplasma by the arginine deiminase procedures of Barile and Schimke (1) and by phase-contrast microscopy as described by Fogh (7) . Persistently infected L Except for the appearance of granular or "rough" (ribosome-associated) endoplasmic reticulum (RER), no consistent differences were noted in the cytoplasm of uninfected and infected L cells. In uninfected cells, the RER generally had dilated cisternae (Fig. 2) , whereas in infected cells having rickettsia-filled vacuoles, the sacs of RER were often more compressed and the cisternae were reduced in width (Fig. 3) . Distribution of ribosomes on the RER membranes appeared similar in both uninfected and infected L cells. Little characteristic agranular or "smooth" endoplasmic reticulum was noted in either case. When L cells infected with C. burnetii were tested for acid phosphatase activity, only very small amounts of dense reaction product were seen in cytoplasmic vacuoles, if at all (Figs. 4 , 5, and 6). Vacuoles containing one or only a few rickettsiae generally showed more reaction product than did larger vacuoles containing many rickettsiae (compare Fig. 5 with Fig. 4 and 6). In fact, a prominent feature of L cells examined after long-term infection with C. burnetii was the remarkable lack of reaction product in their cytoplasm, suggesting a diminished amount of acid phosphatase and reduced lysosomal activity. In short-term infections it has been shown that acid phosphatase-containing vacuoles (lysosomes) are abundantly present in infected L cells in monolayer cultures (4) . The experiments described in this paper deal with cells in suspension culture. Rickettsiae seen in vacuoles of L cells during long-term infection were of typical appearance (i.e., they have regular outlines, limiting membranes are intact, the ribosomal and nucleoid regions are distinct and not unusual, etc.; see Fig. 1 , 5, and 6). Numerous particles presumed to be C-type oncornaviruses were often seen in vacuoles in L cells, and such particles often shared the same vacuole with C. burnetii (Fig. 4) .
Vero cells. The characteristic fine structure of the cytoplasm of an uninfected Vero cell is shown in Fig. 7 . Mitochondria were abundant and had a compact appearance, and electrondense granular elements were seen in their matrices. The RER was in the form of short, widely distributed saccules, and free ribosomes were abundant in the cytoplasm. Numerous filaments and microtubules were present, with the latter especially prominent in the perinuclear region. One or a few Golgi systems could be seen, and these were compact and sharply defined and mainly consisted of short, closely apposed saccules. A prominent feature of the cytoplasm was the presence of vacuolar elements containing whorls of membranes ("myelin configurations"). Just wf . .fl Fig. 6 shows a portion of a large vacuole (V9 containing rickettsiae; at the right (arrow), electron-dense reaction product appears within a small vacuole which appears to be emptying into the larger vacuole. A thin layer of host cell cytoplasm (C) is at the right. Fig. 5, x29,500; Fig. 6, x31, Fig. 7) , and the surface of some cells was folded into many irregular microvilli (upper right, Fig. 10 ). Vero cells infected with C. burnetii (phase II) are shown in Fig. 8 and 9 . The rickettsiae resembled the mitochondria in size and were contained within vacuoles having poorly defined limits. The rickettsia-containing vacuoles were usually crowded with whorled-membranous elements of various sizes and configurations. There was a prominent difference in appearance between C. burnetii in L and Vero cells. In Vero cells, rickettsia were much more pleomorphic than in L cells ( Fig. 8 and 9 ).
When uninfected Vero cells were tested for acid phosphatase activity, small amounts of dense reaction product were seen in many cytoplasmic vacuoles, including some of those containing whorls of membranes (Fig. 10) . In infected Vero cells tested for acid phosphatase activity, extensive deposits of reaction product were seen in rickettsia-filled vacuoles (Fig. 11) . Overall, reaction product was strikingly more abundant in infected Vero cells than in uninfected cells.The reaction product itself appeared as a dense flocculent material distributed between rickettsiae in a vacuole and sometimes associated with the surfaces of the rickettsiae ( Fig. 11 and 12) . In many vacuoles, rickettsiae were observed to have reaction product in the periplasmic space between their inner and outer limiting membranes (Fig. 13 to 15) . Sometimes, most of the periplasmic space was filled with reaction product (Fig. 13) , but more often the product was in the form of individual masses or dense blocks of material lying in the periplasmic space ( Fig. 14 and 15 ). Less often, the reaction product was seen in the cytoplasm inside the plasma membrane, as shown in Fig. 16 , where large masses of product were lying in the cytoplasm of the rickettsia where they appeared to be in part associated with filamentous elements which are presumably of nucleoidal origin. 
DISCUSSION

thesis).
In monolayer cultures of L cells examined by electron microscopic cytochemistry shortly after infection, there is a lysosomal response in the host cytoplasmic vacuoles, especially those which contain rickettsiae. The structural evidence suggests that some rickettsiae may be undergoing lysosomal digestion (4). In persistently infected suspension cultures of L cells, the lysosomal response is remarkably diminished, as determined cytochemically. Little reaction product was noted in "empty" cytoplasmic vacuoles as well as those containing rickettsiae; rickettsia-filled vacuoles devoid of any evidence of acid phosphatase activity was the rule rather than the exception in the longterm infection studies. It appears that host L cells examined after long-term infection with C. burnetii differ from those examined in the shortterm studies from standpoint of lysosomal response. The evidence suggests that as L cells were chronically challenged by C. burnetii their ability to sustain a defensive lysosomal response was diminished, at least in terms of lysosomal vacuoles containing acid phosphatase.
The occurrence of C-type virus particles in mouse cell lines is well known (10) , and such particles are abundantly present in L cells infected with C. burnetii. There is suggestive evidence that multiplication of these particles occurs since many of them are seen in various stages of budding from cytoplasmic vacuoles and membranes, including RER. Infrequently, budding through the plasma membrane is seen. It was observed that multiplication of C particles Portion of a large rickettsia-filled vacuole in a Vero cell tested for acid phosphatase. Much reaction product is present within the vacuole and in association with the pleomorphic rickettsiae, some of which show electron-dense central regions (arrows), presumed to be the result of acid hydrolysis. The nucleus of the Vero cell is at the upper left, and the limits of the vacuole are difficult to make out, although a thin layer of cytoplasm separates the vacuole and nucleus (N). x25,500. Unstained section.
FIG. 12. High-magnification view of rickettsiae contained in a vacuole in a Vero cell, showing the abundance of reaction product in material tested for acid phosphatase activity. The dense reaction product (arrows) is distributed among the rickettsiae and is sometimes seen to be attached to their surfaces (arrow at lower right). Note the "extracted" or empty appearance ofmany of the smaller rickettsiae. x39,00. Unstained Fig. 13 to 15 , reaction product is clearly seen in the periplasmic space (P.S) between the outer membrane (O.M.) of the cell surface and the inner plasma membrane (P.M.). The reaction product appears as discrete electron-dense masses, and in most cases the interior of such rickettsial cells appears abnormal, as if material had been lost. An unusual distribution of reaction product is shown in Fig. 16 , where it is seen within the plasma membrane and associated with filamentous elements (F) presumed to have originated in the nucleoid region. Fig. 13, X245,100; Fig. 14, X236,500; Fig. 15, x234,500; Fig. 16, x294 ,100. and purportedly does not produce interferon, whereas the L cell is mouse fibroblast in origin. In comparing the fine structure of Vero cells with that of L cells, it is immediately obvious that the former are more specialized. The extensive rebranched microvilli of many Vero cells are similar to those of cells lining the tubular nephron of the mammalian kidney or the foot processes of podocytes of the kidney. In any event, it should be borne in mind that Vero and L cells are different in origin, structural details, and in the number of years elapsed, since they were established as primary cultures. It is not surprising that they differ in their response to infection with C. burnetii. Further, Vero cells were cultivated in monolayers, which may allow for enhanced phagocytic activity as compared with cells grown in suspension.
The lysosomal response to long-term infection with C. burnetii is greater in Vero cells than in L cells; this seems to be associated with the distorted appearance of C. burnetii in Vero cells. The presence of acid phosphatase reaction product in the periplasmic space of rickettsiae might be due to entry of host lysosomal enzymes. In such case the pleomorphic appearance of the rickettsiae may be associated with hydrolysis of structural components within the periplasmic space, or digestion of the cell envelope. An alternative explanation is that host lysosomal enzymes penetrate and initiate digestion of dead rickettsiae. Dead rickettsiae would have greater permeability to lysosomal enzymes. The two alternatives have not been tested.
It is known that a number of enzymes occur in the periplasmic space of bacteria, including acid phosphatases (see reference 9 for a review). However, in C. burnetii of persistently infected L cells, reaction product for acid phosphatase was never seen in the periplasmic space. Also, in short-term infections of L cells tested for acid phosphatase in an identical manner, no product was seen in the periplasmic space of rickettsiae in cytoplasmic vacuoles, even though reaction product was distributed throughout the lysosomal vacuole (4) .
In considering morphological changes in C. burnetii during intravacuolar growth, Wisseman et al. (20) reported changes in size and ultrastructure of Rickettsia prowazeki in its stationary and lag growth phases in chicken embryo cells. Vacuolar structures appeared in lag-phase cells, but rarely in stationary-phase cells. In the latter case, host cells also contained minute spherical forms. Differences reported in C. burnetii morphology in Vero cells might also be due to differences in the phase of its growth cycle, because in persistent infections, C. burnetii populations will have gone through stationary and exponential growth phases. In contrast to our findings with infected Vero cells, no evidence for the periplasmic distribution of acid phosphatase was observed in rickettsiae of persistently infected L cells tested in an identical manner, and neither were morphological alterations generally seen in the rickettsiae.
